For many bacterial infections, noninherited mechanisms of resistance are responsible for extending the term of treatment and in some cases precluding its success. Among the most important of these noninherited mechanisms of resistance is the ability of bacteria to form biofilms. There is compelling evidence that bacteria within biofilms are more refractory to antibiotics than are planktonic cells. Not so clear, however, is the extent to which this resistance can be attributed to the structure of biofilms rather than the physiology and density of bacteria within them. To explore the contribution of the structure of biofilms to resistance in a quantitative way, we developed an assay that compares the antibiotic sensitivity of bacteria in biofilms to cells mechanically released from these structures. Our method, which we apply to Escherichia coli and Staphylococcus aureus each with antibiotics of five classes, controls for the density and physiological state of the treated bacteria. For most of the antibiotics tested, the bacteria in biofilms were no more resistant than the corresponding populations of planktonic cells of similar density. Our results, however, suggest that killing by gentamicin, streptomycin, and colistin is profoundly inhibited by the structure of biofilms; these drugs are substantially more effective in killing bacteria released from biofilms than cells within these structures.
I nherited antibiotic resistance has been, remains, and, alas, will almost certainly continue to be a major reason antibiotic treatment fails. It is, however, not the only reason. For some infections with genetically susceptible bacteria, treatment fails due to mechanisms collectively known as noninherited resistance (35) . Perhaps the most clinically significant form of noninherited resistance is biofilms. Bacteria embedded in these polysaccharide matrices are more refractory to antibiotics than they are when they are planktonic cells in liquid culture (2, 22, 36, 40) , and a variety of mechanisms have been proposed to account for why this is the case (2, 9, 11, 16, 31, 34, 39, 52) . But how, in a quantitative and clinically relevant way, does one compare the sensitivity of these embedded bacteria to corresponding populations of planktonic cells and determine the contribution of the structure of the biofilm to the sensitivity of bacteria to antibiotics?
One approach to addressing these pharmacodynamics (PD) questions has been to compare the MICs of antibiotics for bacteria in biofilms (bMIC) to the corresponding MICs of those bacteria and drugs estimated by standard CLSI (13) liquid culture protocols (5, 12, 27, 39, 45, (49) (50) (51) . A limitation of this method is an inability to control for the contribution of the physiological state and density of the bacteria in the biofilms in the way they are controlled for in the CLSI MIC protocol. The susceptibility of bacteria to antibiotics varies with their physiological state; for example, bacteria at stationary phase are far more refractory to antibiotics than are exponentially growing populations (10, 19) . Moreover, the MICs of antibiotics increase with densities and, for some antibiotics, profoundly so (43, 53, 57) .
Another way to address these questions is to compare the antibiotic sensitivity of wild-type bacteria with mutants or strains of the same species with different capacities to form biofilms (5, 31, 39, 44, 47) . This approach has been particularly useful for studies of the mechanisms underlying the decreased susceptibility to antibiotics inherent in biofilms. However, since genetically different strains are being compared, this method cannot exclude the possibility of pleiotropic effects of the genes affecting biofilm forma-tion and structure. Thus, this approach is limited in its ability to quantify the extent to which biofilms confer increased resistance.
In this study, we use a simple, quantitative assay to determine the efficacy of different classes of bactericidal antibiotics to kill Staphylococcus aureus and Escherichia coli as planktonic cells and within biofilms. As our measure of efficacy, we consider the extent of kill over a defined period. Our method is, in some ways, similar to that used by Gilbert and colleagues (17, 18, 21) in that we compare the susceptibilities of bacteria in biofilms to those of bacteria released into the medium. Our results suggest that for most of the antibiotics examined, the primary driver of the relative antibiotic refractoriness of bacteria in biofilms is the density and/or physiological state of the cells rather than the physical structure of the habitat. For some drugs, however, the physical structure of the biofilm contributes to this phenotypic resistance. The procedures used in this study can be employed to explore the effect of structured habitats on the relative sensitivities of different species and strains of bacteria to a variety of potential antimicrobials.
MATERIALS AND METHODS
Culture and sampling media. All bacterial strains were maintained on Luria-Bertani (LB) medium. For E. coli biofilms, bacteria were cultured in LB broth. S. aureus biofilms were grown in tryptic soy broth (TSB). For estimation of cell densities, samples were diluted in sterile saline and plated on LB plates. All medium components were purchased from Difco (Sparks, MD).
Antibiotics. Gentamicin, vancomycin, oxacillin, ciprofloxacin, ampicillin, colistin, streptomycin, and tetracycline were obtained from Sigma-Aldrich Co. (St. Louis, MO). Stock solutions were prepared as a 10% solution in sterile water. Daptomycin (Cubist Pharmaceuticals, Lexington, MA) was obtained from the Emory University Hospital Pharmacy and suspended as a 10% solution in sterile water, with the weight adjusted to account for the carrier compounds. For daptomycin challenge, the medium was supplemented with 50 mg/liter CaCl 2 .
Bacterial strains. E. coli strain MG1655 csrA was a gift from Tony Romeo. The strain has a kanamycin resistance cassette inserted into the csrA gene, which leads to increased biofilm formation primarily via increased production of extracellular polysaccharide (58) . S. aureus strain 35556 (29), a methicillin-sensitive strain commonly used to study S. aureus biofilms (15, 26, 33, 60) , was a gift from Bill Shafer.
MICs. MICs were determined using a modification of the CLSI broth microdilution assay (13) . Bacteria were grown overnight in medium used for the biofilm assay, serially diluted, and inoculated into a 2-fold antibiotic dilution series such that the final cell density was ϳ10 5 CFU/ml. After 18 h of incubation at 37°C with agitation, the plates were assessed by eye and by optical density (OD). The MIC was determined to be the lowest concentration which had an OD 630 less than or equal to 25% of the antibiotic-free value. For gentamicin, which induces clumping, the lowest concentration with no visible clumps was designated the MIC.
Biofilm growth, disruption, and estimation. To form biofilms, 1 ml of 1:100 dilutions of overnight cultures was introduced into 24-well polystyrene microtiter plates (Fisher Scientific, Pittsburgh, PA). The plates were incubated without shaking for 24 h at the optimal temperature for biofilm formation: 25°C for E. coli and 37°C for S. aureus. Planktonic cultures were initiated and grown under identical conditions, but with vigorous rotation to reduce biofilm formation.
To prepare the biofilms, the planktonic cells were removed by decanting the medium and the wells were gently washed twice with sterile saline to remove loosely adhered cells. After air drying for 5 min, 1 ml of medium was added to each well. Cultures were disrupted by using a Tissue Tearor homogenizer (BioSpec Products, Inc., Bartlesville, OK) fitted with a sterile wooden applicator, scrubbing the sides and bottoms of the wells for 10 s. The density of the suspended cells was estimated by serial dilution and plating on LB. A crystal violet assay (46) was also used to quantitate the extent of biofilm development.
Calibration experiments. To determine the period of disruption required for optimal cell release, biofilms were grown as described above. After the addition of fresh medium, the planktonic phase was carefully sampled so as not to disturb the biofilms (T ϭ 0). The biofilms were then disrupted for 10 s, 20 s, or 30 s. After each disruption, the planktonic phase was sampled (T ϭ 10, T ϭ 20, and T ϭ 30, respectively), and the density of the sampled cells was estimated. A complementary experiment was performed, except instead of sampling and plating the cells, the remaining attached biomass was quantified using a crystal violet assay (46) . To assess the effect of the experimental design on the stability of the biofilms, the percentage of cells within the biofilm was estimated before and after a 3-h incubation at 37°C. To estimate the cell density within biofilms, planktonic cells were carefully sampled without disturbing the biofilm. The biofilms were then disrupted for 10 s with the modified Tissue Tearor. Sampling after disruption yielded the total cell density. The biofilm density was calculated by subtracting the planktonic density from the total density. The percent biofilm was calculated as follows: (biofilm density/total density) ϫ 100. For this experiment, biofilms were grown as described above. Overnight samples were collected without any further manipulation. T ϭ 0 samples were taken after the biofilms had been prepared for the assay (i.e., washed, air dried, and medium replaced). T ϭ 3 samples were taken after the biofilms had been prepared and incubated statically at 37°C for 3 h.
Time-kill experiments. Biofilms were prepared as indicated above, replacing the medium with 1 ml of medium with or without antibiotics. The planktonic cells were prepared by diluting overnight cultures 1:20 into fresh medium with or without antibiotics. These dilutions were then aliquoted into 24-well plates, 1 ml per well. Disrupted conditions (both planktonic disrupted and biofilm disrupted) were homogenized at T ϭ 0 and every hour thereafter. All treatment classes were incubated at 37°C for 3 h, but biofilm conditions were incubated statically and planktonic conditions were incubated with vigorous shaking. At the end of the exposure period, all of the cultures were disrupted for 10 s, and total viable cell densities were estimated. The results are presented as relative kill, which is calculated by dividing the density of cells at T ϭ 3 by the initial cell density (T ϭ 0).
Statistical analysis. Statistical analysis was performed in JMP 9 (SAS Institute, Inc., Cary, NC) and SPSS (IBM, Armonk, NY). All drug treatments were assessed with one-way analysis of variance (ANOVA) comparing growth conditions with Tukey's HSD post hoc analysis for all pairwise comparisons. For drugs where Levene's test for homogeneity of variance was significant, Welch's ANOVA was used followed by Games-Howell post hoc analysis. Statistical outliers, as determined by a Grubb's test, were removed from the data set prior to analysis. Figure 1 presents the results of calibration experiments to determine the effects of the experimental conditions on both E. coli and S. aureus biofilms. The efficacy of disruption was measured in two ways: as an increase in the density of viable cells in the planktonic phase ( Fig. 1A) and as a decline in the surface-attached biomass as measured by a crystal violet assay ( Fig. 1B) . By both measures, a 10-s disruption was sufficient for the maximal release of biofilm cells; the slight increases seen with longer disruptions were not statistically significant.
RESULTS
Since our goal was to compare bacteria within biofilms to planktonic cells, it was critical to determine the extent to which our protocol (washing, addition of fresh medium, and incubation at 37°C) contributes to the release of cells from the biofilms (30) . To answer this question, the fraction of cells in the biofilm was followed throughout the experimental procedure. Prior to manipulation, both E. coli and S. aureus are biased toward biofilm formation; 94.7% and 88.9% of cells, respectively, in these 24-hour cultures are in the biofilm (Fig. 1C ). Washing the biofilms and adding fresh medium had no apparent effect on the distribution of biofilm and planktonic cells for E. coli (97.3% cells in biofilm) ( Fig. 1C ) but induced substantial shedding in S. aureus (68% remaining in the biofilm). As anticipated from reference 30, incubation at 37°C for 3 h induced shedding in the E. coli biofilms; however, the majority of the cells (76.6%) are still in the biofilm phase. S. aureus biofilms did not show the same propensity to shed during this 3-h incubation; 68.3% were present in the biofilm fraction.
The MICs for the antibiotics and bacteria used in this study were estimated with a serial dilution procedure as described in reference 13, but using the medium that promotes biofilm formation: LB for E. coli and TSB for S. aureus (Table 1) . Both LB and TSB resulted in higher estimated MICs for some drugs relative to that observed in standard Mueller-Hinton II medium (data not shown).
To assess the contribution of physical structure to the antibiotic resistance of biofilms, the intact and disrupted biofilm cultures were exposed to 40ϫ MIC of drugs from different classes. The disrupted subset was subjected to mechanical disruption at T ϭ 0 and every hour throughout the course of the experiment to minimize reseeding of the biofilm. To determine whether the cells released from the disrupted biofilms are physiologically similar to cells in an aerated planktonic culture, an equivalent density (ϳ10 8 CFU/ml) of cells grown in well-agitated liquid culture were also challenged with antibiotics. To control for the effects of cell damage due to disruption, planktonic cultures were also subjected to periodic disruption. In sum, there are four classes with the following designations: (i) biofilm, cells within biofilms; (ii) disrupted biofilm, cells mechanically released from biofilms; (iii) planktonic, cells from cultures grown under planktonic conditions; and (iv) planktonic disrupted, planktonic cultures with periodic disruption.
The results of this experiment with E. coli are presented in Fig.  2 . In the absence of drugs, there is a net increase in the densities of the bacteria in all cultures, though planktonic conditions showed a greater increase in density than biofilm conditions ( Fig. 2A) . Mechanical disruption did not affect the number of viable cells in either class. For ciprofloxacin (Fig. 2C ) and colistin (Fig. 2D ), there were no significant differences in the fraction of cells surviving exposure for any of the four treatment classes. There were, however, substantial differences in the extent to which these two antibiotics kill, an ϳ2.5-log decrease for ciprofloxacin and a 7-log reduction in the density of viable cells exposed to colistin. For both streptomycin ( Fig. 2E ) and tetracycline (Fig. 2F) , the cells in the biofilm were more refractory to treatment than the corresponding planktonic and disrupted planktonic controls. Due to the high variance in survival, the cells released from the biofilm were statistically indistinguishable from the other treatment classes. However, the absolute extent of kill of these two antibiotics differed considerably, with streptomycin being far more bactericidal than tetracycline. The last pattern of susceptibility is that seen with ampicillin ( Fig. 2B ). For this drug, mechanical disruption increased the susceptibility to killing, but there was no evidence that cells in biofilms were less susceptible to this beta-lactam antibiotic than planktonic cells.
Due to the extent of kill by streptomycin and colistin in the above 40ϫ MIC challenge experiments, differences in susceptibility among the four treatment classes may not be detectable. To determine if this was the case, we performed similar time-kill experiments with these drugs at 10ϫ MIC ( Fig. 3) . At this concen-tration, colistin was far more effective in killing planktonic cells and cells released from the biofilm than those in intact biofilms (Fig. 3A) . While it is clear that streptomycin at 10ϫ MIC was slightly more effective in killing planktonic cells than cells released from biofilms, it is less clear whether there is any difference in killing between planktonic cells and cells within biofilms (Fig. 3B) . By a Games-Howell post hoc analysis (23) , this difference in sensitivity is not statistically significant, but with the less conservative Tukey's honestly significant difference post hoc analysis (28), intact biofilms are statistically less sensitive to streptomycin than are the other three classes. In Fig. 4 , the results of time-kill experiments with S. aureus challenged with 40ϫ MIC of various antibiotics are presented. In the absence of drug, the cells in all four conditions grew equivalently, with no indication of damage due to disruption (Fig. 4A) . Each antibiotic had a unique pattern of susceptibility with respect to the four treatment groups. For ciprofloxacin, intact biofilms were as sensitive to killing as were planktonic cells (both intact and disrupted), but cells released from the biofilm were more susceptible to the drug, though the difference was not great (Fig. 4B) . In contrast, daptomycin was slightly less effective against intact biofilms than planktonic cells and, as with ciprofloxacin, disruption of the biofilm structure increased the extent of killing (Fig. 4C) . Gentamicin was the most effective antibiotic against S. aureus under all conditions (Fig. 4D ). However, no differences were seen between the four culture conditions. As seen with ampicillin and E. coli (Fig. 2B) , disruption influenced the susceptibility of the cells to oxacillin, where intact planktonic and biofilm cells were equally sensitive to killing, while disrupted cells were slightly less sensitive (Fig. 4E ). For vancomycin, disruption had no effect on drug susceptibility; intact and disrupted planktonic cells formed one homogeneous subset that did not overlap intact and disrupted biofilms ( Fig. 4F) . Unexpectedly, biofilms, either intact or disrupted, were more sensitive to drug killing than were planktonic cells.
To determine whether the failure to detect differences in susceptibility to gentamicin among classes is an artifact of the high rate of kill of this drug at 40ϫ MIC, this experiment was repeated with gentamicin at 10ϫ MIC. The results are presented in Fig. 5 . With the lower overall killing, the resistance inherent to biofilms is readily apparent, with no loss of viable cells after a 3-h exposure. In contrast, the cells released from the biofilm were as sensitive to killing as the cells in either planktonic class.
DISCUSSION
We examined the relative contributions of the physiological state of cells within biofilms and the physical structure of their habitat to the sensitivity of bacteria to antibiotics. For this, we compared the relative extent of antibiotic-mediated killing of E. coli and S. aureus within biofilms to that of cells released from these structures. As additional controls, we estimated the extent of kill of a similar density of planktonic bacteria that were or were not subjected to the disruption procedure used to suspend the bacteria within the biofilms. Five classes of antibiotics were used for each of these two species.
For the majority of the drugs tested, the relative susceptibility to antibiotics of bacteria within biofilms was comparable to that of the corresponding planktonic population of similar density. There were exceptions, however, which are summarized in Fig. 6 . Colistin, streptomycin, and gentamicin were substantially more effective in killing planktonic cells than those embedded within biofilms. Ampicillin, tetracycline, and ciprofloxacin (for S. aureus) also manifest drug-related differences in the efficacy against bacteria in the different growth conditions. Although statistically significant, these differences were too small to be biologically or clinically important.
For colistin, streptomycin, and gentamicin, the structure of the biofilm was important, putatively providing protection for the cells within. Surprisingly, residence within a biofilm was not always protective in this way; vancomycin was more effective in killing S. aureus in biofilms than it was in killing planktonic cells; however, the difference is not great and unlikely to be biologically relevant.
The results of our experiments also suggest that E. coli cells released from biofilms and suspended in liquid are physiologically different from planktonic cells that have never been within a biofilm. As measured by the extent of kill, colistin and streptomycin are less effective in killing cells released from biofilms than the corresponding population of planktonic cells. The opposite is true for ampicillin, though to a lesser degree. This difference between cells released from biofilms and planktonic cells of the same density was not observed for any of the antibiotics used in the S. aureus experiments. However, we do not interpret this result to mean that mechanically released S. aureus biofilm cells are physiologically identical to planktonic cells. Rather, with the antibiotics tested here, we were not able to detect such a difference.
The procedure used here was designed to assess the contribution of physical structure to the phenotypic resistance of biofilms without genetic or chemical methods that could be confounded by pleiotropic effects. While we cannot exclude the possibility that the mechanical disruption of the biofilm damaged the cells and changed their sensitivities to antibiotics, it is unlikely that such damage accounts for our results. Most of the drugs showed no change in sensitivity upon disruption of either planktonic or biofilm conditions, as would be expected if cell damage contributed to the observed differences in susceptibility to antibiotics. Only oxacillin differentially killed undisturbed and disrupted planktonic cells, but this disruption resulted in less rather than greater killing (Fig. 4E) . Moreover, among the cultures not exposed to drugs, the disrupted cells grew at the same rate as the intact cells, indicating no gross loss of viability due to disruption.
It is well known that the efficacy of many antibiotics is correlated with the growth rate of the bacteria (10, 14, 56) . The conditions utilized in this study do not allow for substantial growth during the challenge period; however, some growth does occur under all conditions ( Fig. 2A and 4A) . For E. coli, the bacteria in the biofilm or released from the biofilm grew to a lower density than planktonic cells that had never been within a biofilm. This raises the possibility that differences in rate of growth or capacity to saturate the resources (broadly, their physiological state) could contribute to differences in the extent of kill between planktonic and biofilm conditions. This is clearly not the case for S. aureus, where in the absence of antibiotics, under all four conditions considered, the bacteria grew to the same extent.
How do the results of the experiments performed here compare to those of other quantitative studies of the pharmacodynamics of antibiotics and bacteria in biofilms? In a series of studies in the 1990s, Gilbert and colleagues explored the contribution of the structure of biofilms to the antibiotic sensitivity of bacteria (17, 18, 21, 24) . For their investigations, biofilms were formed and maintained by continuous perfusion of membranes (24) . As in the present study, they compared the extent of kill over a defined period for the bacteria within the biofilms to that of cells mechanically or naturally released from the biofilms and to planktonic cells. They made these comparisons for four pairs of bacteria and antibiotics. As observed here, the structure of the biofilm did not contribute to the sensitivity of E. coli or staphylococci to ciprofloxacin (18, 21) . In their study with tobramycin and Staphylococcus epidermidis, the bacteria within the biofilm were more resistant to the drugs than were those released from the biofilm (17) , which is consistent with our results for gentamicin and S. aureus (Fig. 5) .
The most surprising result of the current study was that the resistance of bacteria in biofilms to the majority of antibiotics studied can be attributed to the density and physiological state of the culture rather than their residence within biofilms. Neither the extent nor the dynamics (data not shown) of killing differed considerably between planktonic and biofilm cells for seven of the 10 drug-bacteria combinations. This is in line with the observation of Qu and colleagues (47) that multilayer biofilms of S. epidermidis were no more resistant to antibiotic challenge than were monolayer biofilms. Although the authors concluded that the increased resistance could be attributed to adherence of cells to surfaces, their experimental design does not enable them to distinguish the effects of adhesion from that which can be attributed to culture density. Our results show that high-density planktonic growth stimulates the same level of resistance as adherent biofilms, and disruption of biofilms (and loss of adherence) does not necessarily reduce resistance.
Our observation that bacteria released from biofilms are more susceptible than planktonic cells to colistin and aminoglycosides is particularly interesting in light of recent information on biofilm physiology. Unlike the other drugs tested, these antibiotics either target the cell membrane (colistin) (32) or are dependent on membrane function for uptake (streptomycin, gentamicin) (54) . Together with the lack of structure-specific resistance to the other drugs, these results suggest that the membranes of biofilm cells may be different from those of planktonic cells and that the structure (i.e., the matrix) of the biofilm acts as a shield for these more sensitive cells. This is in line with several recent studies that have shown that the cell membrane physiology changes significantly during biofilm growth (1, 12, 45, 49, 55) . Thus, a picture is beginning to emerge wherein membrane charge and physiology are different in biofilm cells relative to their planktonic counterparts, and this difference can contribute to the efficacy of antibiotic therapy. One interpretation of our results with the aminoglycosides and colistin is that the structure of the biofilm may confound, to some extent, the intrinsic sensitivity of the bacteria within biofilms to these drugs.
At present, the primary and often unique measure of the pharmacodynamics of antibiotics and their target bacteria is the MIC (3, 7, 25) , which is also used as a measure of susceptibility (resistance) (13, 20, 42) . While this in vitro measure of the potential clinical efficacy of antibiotics has the virtue of being readily estimated in a standardized way, it is restricted to relatively low densities of planktonic cells growing exponentially under conditions that are optimal for action of the drug (13) . These conditions are limited and unlikely to be met in populations of bacteria in infected patients. Among the additional factors affecting the efficacy of antibiotics (4, 6-8, 10, 25, 37, 38, 41, 48, 53, 56, 57, 59) is the physical structure of the target population of bacteria and in particular their residence in the polysaccharide matrices of biofilms. The method employed in this study provides a simple and broadly applicable way to evaluate the PD of antibiotics and bacteria in biofilms. The application of this measure in combination with other in vitro measures of the PD of antibiotics will provide a broader foundation for the rational design of antibiotic therapy than that currently employed.
